We have examined the spectral components of heart rate variability (HRV) during induction of anaesthesia with thiopentone, tracheal intubation and subsequent inhalation of isoflurane-nitrous oxide. Commonly used spectral analysis methods such as fast Fourier transformation or autoregressive modelling require stationary data and are not suitable for the rapidly changing HRV data in this period. An advanced spectral analysis method, time-frequency analysis, which can treat non-stationary data, was used in this study. Multiple spectra were generated to demonstrate the time-related spectral components of HRV. Mid-frequency power (MF, 0.08-0.15 Hz), highfrequency power (HF, 0.15-0.5 Hz) and MF/HF ratio at baseline, after induction (before intubation), immediately after intubation and during maintenance periods were calculated and compared. MF and HF powers decreased after induction and were reduced further in the maintenance period but MF/HF ratio remained unchanged after induction. Immediately after intubation MF and HF powers did not differ significantly from the immediate pre-intubation values, but MF/HF ratio did. (Br.
Spectral analysis of heart rate variability (HRV) provides a non-invasive means of assessing the regulation of the autonomic nervous system. [1] [2] [3] [4] The power spectrum of HRV is quantified usually by the spectral power within the frequency intervals of high frequency (HF, 0.15-0.5 Hz), mid frequency (MF, 0.08-0.15 Hz) and low frequency (LF, 0.02-0.08 Hz). HF power is related to respiratory effect and affected mainly by parasympathetic regulation. MF power is related to baroreflex activity and is controlled by both sympathetic and parasympathetic nervous systems. LF power is considered to have some relationship to thermoregulation or reninangiotensin system functions. 1 Spectral analysis of HRV has been used in several clinical investigations, such as prediction of the prognosis of myocardial infarction patients 5 6 and assessment of autonomic status of diabetic patients. 7 Several recent reports have focused on the change in spectral components of HRV during anaesthesia by different methods. [8] [9] [10] [11] [12] [13] In many of these studies, the power spectrum of HRV was calculated by fast Fourier transformation (FFT) or autoregressive modelling (AR). 14 However, the assumption of data stationarity cannot be met in some situations. During induction of general anaesthesia, rapid onset of anaesthetic action, effect of tracheal intubation and administration of inhalation agents cause rapid changes in autonomic activity in a short period of time. It is not feasible to obtain stable data in such a short time period for conventional spectral analysis methods under this circumstance. Few studies have investigated the continuous change in spectral components of HRV and the possible effects of the various events during anaesthesia.
Time-frequency spectral analysis is an advanced spectral analysis method 15 which can generate multiple spectra with time instead of a single spectrum for the whole data segment, as is the case with the FFT method. In addition, time-frequency spectral analysis based on the so called "quadratic time-frequency distribution" can provide good resolution in both time and frequency. It has been used widely for time-varying signal analysis in many applications and should be a suitable tool for studying the time-related spectral components of HRV during induction of anaesthesia.
In this study, time-frequency spectral analysis was used to obtain continuous spectral components of HRV during induction of general anaesthesia. The changes in the spectral components of HRV during different stages of anaesthesia were compared quantitatively.
Patients and methods
The study was approved by the institutional Ethics Committee and informed consent was obtained from all patients. We studied 30 adult patients, ASA I or II, undergoing various types of elective surgery. None had cardiovascular, pulmonary, neurological, diabetic or thyroid disease. No premedication was given before surgery. In the operating room, ECG, non-invasive arterial pressure and pulse oximetry were monitored (Hewlett Packard Model 78354A, Hewlett Packard Corp., Palo Alto, CA, USA), and concentrations of end-tidal carbon dioxide and anaesthetic agent were analysed using a gas analyser (Capnomac, Datex Corp., Finland). General anaesthesia was induced with thiopentone 5 mg kg , followed by tracheal intubation. Anaesthesia was maintained with isoflurane and 50% nitrous oxide in oxygen. The concentration of isoflurane was initially 2% and maintained at 1% expiratory concentration after the wash-in phase. Neuromuscular block was maintained with atracurium after tracheal intubation. The lungs were ventilated mechanically at a rate of 10 bpm and tidal volume was set to maintain end-tidal carbon dioxide tension at 4.0-4.6 kPa.
DATA MANAGEMENT ECG monitoring was started at least 5 min before induction of anaesthesia. ECG data were recorded and digitized onto a personal computer via analogue to digital conversion at a sampling rate of 500 Hz. The recording ended at approximately 20 min after tracheal intubation, before the start of surgery. The recorded data were used for off-line analysis. Detection of peaks of R waves and R-R interval sequence calculation were performed by software using threshold and slope detection combined with rejection of candidate peaks during estimated refractory periods. ECG waveforms were displayed on the screen with detected peaks marked, and visual verification and manual editing were performed. The cardiac tachogram, which indicates instantaneous heart rate along a time axis, was calculated from the R-R interval series and was re-sampled at a frequency of 2 Hz to obtain an even sampling sequence. 16 Before time-frequency analysis, the data sequence was de-trended by polynomial fitting. There are many methods in time-frequency analysis, and the smoothed pseudo Wigner-Ville distribution (SPWVD) was used in this study. The power spectrum based on SPWVD for a specific time is calculated by the data within a time interval before and after that specific time. The length of the interval is termed the "window length". The "correlation" is calculated at each time and summed by applying different weights to each time point. The weight decreases as the distance from the specific time increases. The result is transformed into frequency domain to obtain the power spectrum. The window length was 64 s in our study. The power spectra were generated at 4-s intervals. A technical appendix is attached to this article to provide a brief description of the algorithm used. Readers who are interested in more of the theory and implementation of SPWVD time-frequency analysis are referred to the literature. 15 17 18 The spectral power of each spectrum was calculated at high frequency (HF, 0.15-0.5 Hz), mid frequency (MF, 0.08-0.15 Hz) and low frequency (LF, 0.02-0.08 Hz). Spectral powers were averaged in 2-min intervals for the following four periods: (1) baseline: from 2 min before induction to the start of induction; (2) pre-intubation or post-induction: from 2 min before tracheal intubation to the time of tracheal intubation. The patient was under the effect of the induction agents during this period; (3) immediately post-intubation: from the start of tracheal intubation to 2 min later; and (4) maintenance phase: from 10 min after tracheal intubation to 2 min later when the patient was already anaesthetized with isoflurane. The average spectral power of HRV in each period was performed on 30 consecutive spectra. In addition, the ratio of MF to HF power and mean heart rate in each period were also calculated.
All of the above ECG data management tasks, except manual verification of R wave peaks, were performed by software developed by ourselves with the computer language C (Borland Cϩϩ 3.1, Borland International Inc., CA, USA). Timefrequency analysis was performed by MATLAB (MathWorks Inc., MA, USA) on the Microsoft operating system Windows 3.1 (Microsoft Co., USA).
Comparisons of HRV data between the four periods were carried out using one-way repeated measures ANOVA with the Student-NeumanKeuls test using the commercial package SigmaStat for Windows version 1.0 (Jandel Co., USA) run on the Microsoft operating system Windows 3.1. The significance level was set at P:0.05.
Results
The cardiac tachogram of one patient with a typical pattern is shown in figure 1A . The typical tachogram indicates a transient increase in heart rate during tracheal intubation and a gradual decrease after intubation. In figure 1B , the time-related spectral components of HRV are demonstrated by the threedimensional plots of these spectra vs time. This is a typical time-frequency pattern of HRV with the change in spectral components in response to various events of anaesthesia. There are two points to be noted in the interpretation of such types of plots. (1) The frequency range less than 0.08 Hz, the lower limit of the MF range, is the low frequency (LF) range. For the short period used in this study, LF powers are generated mainly from the trends in mean heart rates and the powers are highest around the time of tracheal intubation because heart rate undergoes maximal change during this period. Although LF powers are usually higher than MF or HF powers, it was not our concern in this study and it should not be confused with MF or HF powers. ( 2) The spectral powers are calculated by integration of all amplitudes over the relative frequency ranges rather than counting only the highest peaks. The existence of one or several very high peaks in a single spectrum does not necessarily imply that the spectrum has higher powers than other spectra. This makes visual interpretation of the three-dimensional plots only qualitative rather than quantitative, and accurate powers must be calculated from the raw data.
In the three-dimensional plot in figure 1B , there are apparent spectral powers in MF and HF ranges before induction (baseline period). MF spectral power slowly decreased after the induction agents were given and tracheal intubation was performed. It decreased further after administration of inhalation agents. HF spectral power exhibited a similar trend as MF spectral power but it is not clear from the three-dimensional plots because of its low amplitude compared with MF spectral power.
Averaged MF and HF powers, MF/HF ratio and mean heart rate in different periods are shown in table 1 and figure 2. Both MF and HF powers decreased significantly after induction, remained at the same level immediately after tracheal intubation but decreased significantly in the maintenance phase. MF/HF ratio did not change significantly after induction. It increased immediately after tracheal intubation and decreased to a lower than baseline level in the maintenance phase during inhalation anaesthesia. Mean heart rate exhibited a similar trend as MF/HF ratio. 
Discussion
The spectral powers of MF and HF in heart rate signals are usually modulated by the sympathetic and parasympathetic nervous systems, and the ratio of MF to HF is often used as an index for autonomic nervous system balance. These components of spectral power of HRV can be used as indices of changes in autonomic activity during various types of anaesthesia and many researchers have focused on them. The commonly used methods in these investigations are FFT and AR modelling, which have the advantages of easy implementation and fast computation. The preliminary assumption of FFT or AR modelling is data stationarity, which implies that the data must be "stable" during the observation period.
14 When this condition is not met, the calculated spectral power is not reliable. The autonomic nervous system activity and HRV signals change rapidly during induction of anaesthesia, especially immediately before and after tracheal intubation. Spectral analysis by FFT or AR models is limited in interpreting data in this period because the assumption of data stationarity cannot be verified easily. Because of this, analysis of this transient period, which is most important for observation of the effect of tracheal intubation, remained largely ignored in previous studies.
In the time-frequency spectral analysis method, calculation of power spectra is based on correlationlike terms, which implicitly considers the temporal relationship of the data. This makes the assumption of data stationarity unnecessary. Analysis of the transient period immediately before and after tracheal intubation becomes possible and reliable. Based on time-frequency analysis, our study showed an increase in MF/HF ratio immediately after tracheal intubation. There was also a small but significant increase in heart rate but no significant increase in MF power. Because the MF/HF ratio is usually regarded as an index of the balance between the sympathetic and parasympathetic systems, these results suggest that autonomic nervous system balance is the main factor affected by tracheal intubation with induction agents. MF/HF ratio is more sensitive than MF power as an indicator of sympathetic nervous system activation. The increase in MF/HF ratio and mean heart rate immediately after intubation indicates that sympathetic nervous system activation after intubation was not blocked totally by the induction agents. Our result is similar to that of Hopf and colleagues who concluded that MF/HF ratio rather than MF power (LF in their article) reflects sympathetic activity during extradural anaesthesia. 19 Because the time-frequency analysis method can generate multiple spectra continuously, we can also observe the change in HRV during different time segments in the induction phase. In our study, both MF and HF powers were reduced dramatically after administration of the induction agents. This confirms that the fluctuations in heart beat are suppressed by induction agents, as reported by others. [8] [9] [10] MF/HF ratio increased slightly but not significantly during induction which suggests that the balance of the autonomic nervous system was not altered to any great extent by the induction agents.
Several studies have demonstrated reductions in MF and HF powers by isoflurane. [11] [12] [13] In our study, MF and HF powers and MF/HF ratio in the maintenance phase were not only lower than those at baseline, but also lower than those in the post-induction phase. In the beginning of the maintenance phase, alteration of HRV could be the result of the combined effects of induction and inhalation agents. However, the data we used for statistical comparison were obtained 10 min after tracheal intubation and the pharmacological effect of the short-acting agents we used such as thiopentone may be very low. Hence, it is likely that the change in MF and HF powers in the maintenance phase was caused mainly by the inhalation agents. The effect of isoflurane on HRV is more profound than the combination of our i.v. induction agents. Ireland and colleagues have shown that HRV recovered promptly after patients could follow verbal commands during recovery from general anaesthesia. 20 There is little information on the duration of effect of thiopentone on HRV, and therefore we do not know if the effect on HRV disappears immediately or decreases after thiopentone redistributes.
FFT or AR modelling methods also suffer from the balance between temporal resolution and frequency resolution. In contrast, the time-frequency analysis method implicitly takes different data length for different frequency ranges in the signal and maintains both time and frequency resolution. Because of this and the advantages described above, the timefrequency method has been applied in many clinical fields, 21 including analysis of HRV in response to postural change and pharmacological effects, 17 22 and detection of brain activity in the EEG. 23 24 Our study is another example of the application of the time-frequency method. This new method not only increases temporal and spatial resolutions, but also opens some new windows. Time-frequency analysis should be very useful for other clinical studies on the interpretation of rapidly changing signals.
Appendix
The outline of the time-frequency analysis method used in our study is described below. Most of the descriptions make reference to the literature. 15 17 18 Interested readers should consult the original articles for further details.
The time-frequency analysis method is a class of signal processing algorithm which was developed under rigorous mathematical theory. 18 Wigner-Ville distribution (WVD) is one of the most commonly used in this class. The discrete version of the WVD of a time series x(n) is defined as: 
;
Practically, n in the above formula is usually time and f:frequency, and the WVD is a function of time and frequency. The term "distribution" has a similar meaning to "function".
The above formula is exactly the Fourier transformation of x(n9k)x(n;k) on the variable k, so the WVD can be implemented by the FFT algorithm with only additional multiplications. The major difference between the WVD and conventional discrete Fourier transformation (DFT) is that in WVD the correlation-like term x(n9k)x(n;k) is transformed, rather than x(n) itself in the DFT. If there is a rapid changing component in the original data, the time scale of the component is short and the correlation term decays rapidly to negligible values. This makes the effective time window length of a rapid changing component short. In contrast, a slow varying component keeps its correlation term non-negligible for a longer time. Thus the WVD implicitly uses different time window lengths for different frequencies in the data and keeps both time resolution and frequency resolution and can treat rapid time-varying signals.
The use of the correlation terms in the above formula could produce spurious spectral peaks and smearing in the time or frequency axis. Two modifications are made to solve the problems. The first is the use of a so called analytical signal, which is a signal without negative frequencies. Let X(k) be the DFT of x(n). We keep the positive frequency part of X(k) and set its negative frequency part to zero:
The inverse DFT of this Z(k) is the analytical signal of the original signal x(n), and is denoted z(n). This z(n) is used instead of x(n) to obtain better results.
The second modification is the introduction of two window functions in the transformation: For every specific n, the resulted W(n,f) represents one single spectrum on the frequency axis f. The value of n is increased by 8 at every step, which means one spectrum is produced for every 4 s of data. In the three-dimensional plots, the time axis is n, the frequency axis is f and the values of W(n,f) are plotted on the vertical axis. The spectral powers are calculated by the integration of W(n,f) values.
